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14853
The development of spintronic technology with increasingly dense, high-speed, and
complex devices will be accelerated by accessible microscopy techniques capable of
probing magnetic phenomena on picosecond time scales and at deeply sub-micron
length scales. A recently developed time-resolved magneto-thermal microscope pro-
vides a path towards this goal if it is augmented with a picosecond, nanoscale heat
source. We theoretically study adiabatic nanofocusing and near-field heat induc-
tion using conical gold plasmonic antennas to generate sub-100 nm thermal gradients
for time-resolved magneto-thermal imaging. Finite element calculations of antenna-
sample interactions reveal focused electromagnetic loss profiles that are either peaked
directly under the antenna or are annular, depending on the sample’s conductivity,
the antenna’s apex radius, and the tip-sample separation. We find that the thermal
gradient is confined to 40 nm to 60 nm full width at half maximum for realistic ranges
of sample conductivity and apex radius. To mitigate this variation, which is unde-
sirable for microscopy, we investigate the use of a platinum capping layer on top of
the sample as a thermal transduction layer to produce heat uniformly across different
sample materials. After determining the optimal capping layer thickness, we simu-
late the evolution of the thermal gradient in the underlying sample layer, and find
that the temporal width is below 10 ps. These results lay a theoretical foundation for
nanoscale, time-resolved magneto-thermal imaging.
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I. INTRODUCTION
Spin-based electronics and high-density magnetic storage require precise control of local
magnetic moments in devices1,2, often using either applied magnetic fields3 or spin-transfer
torques4–7. Development of these technologies will be aided by microscopy techniques, en-
abling researchers to characterize dynamical, nanoscale magnetic phenomena8,9, with rel-
evant length scales that are typically 10 nm to 200nm10 and relevant time scales that are
typically 5 ps to 50 ps11–13. One existing approach is x-ray magnetic circular dichroism-based
microscopy, which offers the desired resolution with spot sizes down to 30nm14. However,
it requires a synchrotron facility15 and thus it cannot be used in a normal laboratory set-
ting. Another approach is magneto-optical Kerr effect (MOKE) microscopy, which allows
for table-top, stroboscopic imaging of spin dynamics with straightforward interpretation16.
However, the visible to near-IR light that is typically used fundamentally limits the spa-
tial resolution of MOKE to hundreds of nanometers, set by the diffraction-limited focal
resolution of approximately half the wavelength17.
We have recently demonstrated a new form of spatiotemporal magnetic microscopy using
the time-resolved anomalous Nernst effect (TRANE)8,18,19. In this technique, the anomalous
Nernst voltage, VANE ∝ |∇T ×M|, is sensitive to a local value of magnetizationM through
a confined thermal gradient ∇T 20,21. One benefit of TRANE microscopy is that its spatial
resolution is inherited from its local thermal source, which is not fundamentally limited by
far-field diffraction. However, recent TRANE studies have relied on focused laser heating,
and thus the spatial resolution was still diffraction limited.
To increase the resolution of magneto-thermal microscopy, we theoretically consider focus-
ing electromagnetic radiation to a sub-100 nm region by exciting surface plasmon polaritons
(SPPs) on conical plasmonic antennas22–26. This adiabatic nanofocusing on gold antennas
has been studied extensively for tip-enhanced Raman scattering27–33, where electric field
enhancements at the apex enable ∼ 1000x enhancements of Raman signals25,34–36. Further-
more, heating confined to a volume well below the diffraction limit with a plasmonic antenna
has been studied in the context of heat-assisted magnetic recording2,37. For TRANE mi-
croscopy, local charge oscillations excited by SPPs at the antenna apex will induce resistive
heating in a metallic sample placed in nanoscale proximity.
In this work we theoretically investigate the viability of scanning gold plasmonic antennas
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as a method to perform nanoscale TRANE microscopy. By studying the non-local, near-field
excitation of charge in a flat surface by a conical antenna, we find that electromagnetic loss
and the resultant thermal point spread function (PSF) are more nuanced than for focused
laser heating. Through finite element calculations of the tip-sample coupling, we reveal
that in the range of realistic sample resistivities, apex radii, tip-sample separation, and film
thickness, electromagnetic loss is either peaked directly under the apex with a full width at
half maximum (FWHM) on the order of the apex radius, or it takes on an annular profile that
peaks in a ring >10nm from the center. The potentially large variability in the magnitude
and profile of thermal gradients generated in different samples is undesirable for a thermally-
based microscopy technique. Therefore, we also perform heat diffusion calculations in which
a 10 nm platinum capping layer is used as an intermediate heater. We find that centrally-
peaked thermal gradients are radially confined to below 100nm, with temporal FWHM
below 10 ps.
II. MODEL BACKGROUND
Our computational model is designed to be representative of an experimental implemen-
tation of conical plasmonic antennas in a scan probe microscope (SPM). The antennas are
fabricated with an electrochemical etching procedure in hydrochloric acid27,31,32. With ap-
propriate etching voltages and durations, we can experimentally produce conical antennas
from 250 µm diameter annealed gold wire (Alfa Aesar), with apex radii as small as 10 nm
and opening angles near the apex of ∼6◦. We use this opening angle in our calculations, and
consider tip radii >10 nm. Tip-sample separations (gap values) are based on the SPM feed-
back mechanism, which leads to distances of closest approach of order 1 nm. More details
on the computational model are in Supplementary Information Section S.1.
Experimentally, far-field light is coupled into SPPs at the surface of the antenna with
diffraction gratings of period
a =
[(
ǫ′r
ǫ′r + 1
)1/2
− sin θ
]−1
, (1)
where ǫ′r is the real part of the dielectric constant of gold and θ is the angle of incidence
38.
Numerical simulations suggest that light is best coupled into SPPs for a sinusoidal grating39
of depth 180nm; we use a grating of this shape in our model to excite SPPs at the antenna
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boundary with 780 nm light.
In a SPM, grating illumination will not be axially symmetric because the tip is only
illuminated from one side. Therefore, we initially simulate the electric field around the apex
of a 3D antenna illuminated over 50◦, as in Fig. 1(a). We define the field asymmetry as
the minimum value of the electric field magnitude, |E|, around the antenna divided by |E|
at 0◦ (center of illumination). We find a value of 0.94 near the apex, in sharp contrast
to the initial asymmetry of 0.14 at the grating, shown in Fig. 1(b). This justifies the 2D
axisymmetric simulation geometry that we use for subsequent calculations because it is more
computationally efficient (Fig. 1(c)).
To calculate the thermal response of the sample to the plasmonic excitations, we consider
loss dominated by Ohmic heating, calculated as the product of electric field E and current
J as
W = 1
2
(J∗r · Er + J
∗
z · Ez) , (2)
where asterisks denote the complex conjugate. Contributions from dielectric loss, arising
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FIG. 1: Illumination geometry. (a) Far-field light is coupled into the plasmonic modes
by asymmetric illumination with a microscope objective of 50◦. (b) Electric field
distribution from 3D calculations at the grating (blue) and 2 nm away from the apex, in a
15nm radius circle (orange). Field asymmetry (FAS) is shown for each. (c) 2D
axisymmetric model geometry used for calculations, which captures the antenna taper but
ignores asymmetry.
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from the imaginary part of the dielectric constant, are ignored because, for metallic samples,
they are insignificant compared to conductive losses as long as the frequency is away from a
resonance. We treat the gold antennas as lossless (σ = 0, Im[ǫ] = 0) to decouple effects of the
SPP decay length from the size of the model geometry. Effects of finite gold conductivity
are treated in Section S.2. Although we perform our calculations with a 6◦ cone angle,
SPP focusing and dielectric losses are weakly dependent on cone angle. In Supplementary
Sections S.2 and S.3 we justify our approximations and discuss their implications.
III. RESULTS
A. Heat source point spread function
The spatial distribution of the electromagnetic loss determines the thermal gradient in
near-field heating. Depending on the tip apex radius, tip-sample distance, and sample con-
ductivity, loss is either centered under the apex or distributed in an annulus. Fig. 2(a)-(c)
present loss profiles for a characteristic tip with a 25 nm radius of curvature above a metallic
sample with permittivity ǫr = −20 (representative of permalloy
40) and varying conductivity.
In Supplementary Section S.4 we show there is a very weak relationship between loss pro-
file and sample permittivity, which is insignificant for realistic sample conductivity. These
calculations are performed in the frequency domain, with 1W input power coupled into
an antenna as discussed in Section II. We first consider a 30 nm sample grown on a sap-
phire substrate. This allows us to focus on tip-sample interactions without coupling to the
dielectric substrate, which we find can be non-trivial for much thinner samples.
For a realistic tip-sample distance of 2 nm – measured from the center of the tip apex
to the top of the sample plane – and a sample conductivity of 1× 107 S/m (representative
of Pt), the electromagnetic loss has a point spread function (PSF) that has its maximum
centered under the tip. A centered loss profile will produce a centered thermal gradient
profile. However, increasing either the conductivity or the gap size leads to annular loss.
The width of the loss PSF is minimized when the profile is centered, leading to the best
spatial resolution. The loss is also more confined to the surface for increased conductivity
(Fig. 2(b)), while larger gaps noticeably decrease the magnitude of the loss (Fig. 2(c)).
Fig. 2(d) presents the transition as a phase diagram, where for each apex radius, the curve
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separates regions of centered and annular profiles depending on the gap size and the sample
conductivity.
The magnitude of loss decreases with increasing gap size, but it has a less straightforward
dependence on sample conductivity. Fig. 2(e) shows peak loss for varying conductivity at
different gaps with a 25 nm radius tip. Peak loss decreases with increasing conductivity
until it reaches the centered-to-annular transition, above which the loss profile becomes
more confined to the surface but does not diminish. Maximum power dissipation for the
centered profiles is comparable to those simulated for laser heating8.
We can understand the profile transition by considering separately the losses excited by
vertical and radial electric fields. Fig. 3 shows how the shape of the loss profile depends on
the relative magnitude of the individual r and z contributions. We look at total loss and
decompose it into vertically and radially excited losses, taken along half-line cuts (moving
loss
(1020 W/m3)
(d) (e)
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FIG. 2: Loss point spread function. Loss profiles for a 30 nm metal sample – 2D
axisymmetric is data reflected across the central axis for visualization. (a) σ =1× 107 S/m
and 2 nm gap, (b) σ =5× 107 S/m and 2 nm gap, and (c) σ =1× 107 S/m and 6 nm gap.
All horizontal scale bars are 50 nm, and all plots are 10 nm tall. (d) Transition boundary
between centered and annular profiles, seen in (a)-(c). Values below and to the left of the
curves correspond to centered profiles, and those above and to the right correspond to
annular profiles. (e) Dependence of loss magnitude on conductivity and gap for a 25 nm
apex radius.
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radially out from directly under the apex) at the sample surface. Curves in Fig. 3(a) and (b)
correspond to representative conductivity (a) or gap (b) values where the profile is centered
or annular, according to Fig. 3(d). Vertically excited loss is always centrally-peaked, whereas
radially excited loss is always annular. When the conductivity or gap is increased, the peak
of the r loss is larger than that of the z loss, and the profiles become annular (Fig. 3(a,b)).
The r loss is also more extended in the radial direction than z loss, therefore their relative
magnitude will non-trivially determine the width of the PSF.
To understand the origin of these loss profiles better, we plot the peak electric field along
the same radial line cut for varying conductivity and gap distance (inset in Fig. 3(a) and (b),
respectively). In each case, the point where the vertical component drops below the radial
component corresponds to the point in Fig. 2(d) where the loss profile transitions from
centered to annular. Physically, a larger conductivity leads to larger charge concentration at
the sample surface, which screens vertical oscillations more effectively than radial ones. In
the case of a large gap, the charge distribution decreases in magnitude and spreads, leading
to the generally steeper decrease of z losses seen in Fig. 3(b) inset.
Next we investigate the effect of apex radius on profile size. We consider a Pt sample with
a Au tip of varying radius placed between 1.3 nm (for 10 nm apex) and 2.6 nm (for 80 nm
apex). We choose to vary the distance with the radius to model the FWHM in a realistic
experimental setting, where gap distance depends on the interatomic forces between the
apex and the sample41, and is sensitive to apex radius42. In Fig. 3(c) the position of the
peak loss remains at zero (centered) until an apex radius of 55 nm, where it moves off-center.
This is due to a wider charge concentration in larger tips. It is useful to look at the FWHM
for centered profiles, shown in Fig. 3(d), which shows two regimes of increasing width. The
FWHM grows with apex radius at 0.95(9) nm/nm for radii below 30 nm. For radii above
30 nm, the FWHM grows as 3.73(3) nm/nm.
In samples with thicknesses comparable to the penetration depth of electromagnetic loss,
the loss profile is significantly altered. We fix the apex radius at 25 nm and the gap at 2 nm,
then consider a range of realistic sample conductivities at several sample thicknesses. The
results are plotted in Fig. 4(a). For a 2 nm sample, loss is radially annular for all values of
conductivity shown (Fig. 4(c)). As thickness increases (moving to the right in Fig. 4(a)),
loss profiles approach the centered distribution shown in Fig. 2 for the 30 nm sample for
thicknesses above 10 nm (Fig. 4(d)). The dielectric constant ǫr of the substrate material
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also impacts loss profiles for films thinner than 10 nm (Fig. 4(b)). The large variation in
loss profiles for film thicknesses of interest for TRANE microscopy further complicates the
uniformity of a plasmonic antenna probe.
B. Heating with a capping layer
To reduce the sample-to-sample variability demonstrated above, we propose the use of
an intermediate heater layer. We examine platinum because (1) it has conductivity com-
mensurate with centered losses for achievable tip radii, and (2) it is often already present in
spin-Hall devices.
(a) (b)
(c)
FIG. 3: Radial and vertical losses for 25 nm apex. When the conductivity (a) or gap
(b) increases past a certain value (i.e., crosses the line in Fig. 2(d)), the total loss profile
(solid lines) transitions from centered (red) to annular (blue). Vertically excited loss is
shown with dotted lines, and radially excited loss is shown with dashed lines. (a) and (b),
inset, vertical (dotted) and radial (dashed) maximum electric field magnitudes along the
sample surface. (c) Peak position and FWHM of loss profiles for increasing tip radius at
realistic scan probe gaps. Once the peak is off-center we do not calculate the FWHM.
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We first determine an optimal capping size that is thick enough to decouple the Pt losses
from the material underneath, but thin enough that most of the thermal energy is transfered
to the sample. By varying sample conductivity for various cap thicknesses, we find a 10 nm
layer is the thinnest for which there is negligible effect from sample conductivity (Fig. 5(a)).
By examining loss profiles at the top of the Pt cap for a constant sample conductivity (lines
of the same color), we reveal that sample thickness variations below 10 nm affects the loss
confinement, most notably at low conductivity. The peak of loss shows slight dependence
on conductivity for thin samples, but a trivial dependence on sample thickness. In fig. 5(b)
we plot the 2D loss profile for a 2 nm sample; loss is still significant at the bottom of the
capping layer, so the underlying sample influences the profile. This is in contrast to the
case shown in Fig. 5(c), where the loss in a 10 nm sample is not affected by the sample.
(a) (b)
(c) (d)
loss (arb. units)
loss (arb. units)
FIG. 4: Sample thickness. (a) Loss profiles at different sample thicknesses for varying
sample conductivity. (b) Loss profiles for different sample thicknesses for varying substrate
permittivity. (c) Full sample losses for 2 nm sample, ǫr = 10. (d) Full sample losses for
10 nm sample, ǫr = 10. Horizontal scale bars are 50 nm, and (c) and (d) are 2 nm and
10 nm tall, respectively.
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Above 10 nm the profiles no longer change with sample thickness. Furthermore, line cuts
with varying conductivity converge to the same centered loss profile, suggesting that a 10 nm
thick capping layer can provide the same heat source to a variety of samples of interest. This
is significant for developing a reliable microscopy technique.
To investigate thermal gradient generation, we simulate loss in the Pt capping layer when
an antenna (15 nm apex radius) is excited with a Gaussian pulse of 3 ps FWHM centered
at 9 ps in the calculation. We ignore direct heat transfer between the gold tip and Pt
layer. While electromagnetic loss may heat the gold tip in excess of 100K, the thermal
conductivity of air – ∼1 × 10−8W/mK at the nanometer scale43 – is low enough such that
there is negligible heat transfer across the air gap compared to the heat deposited through
electromagnetic loss in the Pt. Near-field heat transfer between Au and Pt for similar
geometries has also been shown to be orders of magnitude smaller than our simulated Pt
losses44.
(a) (b)
(c)
loss
(arb. units)
loss
(arb. units)
FIG. 5: Capping layer thickness. (a) Loss profiles along capping layer surface at
selected capping thicknesses for varying sample conductivities. (b) Full capping layer loss
in a 2 nm thick layer. (c) Full capping layer loss in a 10nm thick layer. Horizontal scale
bars are 50 nm, and (b) and (c) are 2 nm and 10 nm tall, respectively.
10
We now investigate the heating of a characteristic 10 nm permalloy sample with a 10 nm
Pt capping layer. For focused laser heating, we expect a depth-dependent thermal gradient
because light is absorbed in the sample on a scale set by its skin depth. Here, the near-
field electromagnetic loss within the cap generates thermal gradients in the magnetic layer,
thus the expected profile is less obvious. The thermal gradient varies strongly with depth
in the sample. In particular we see a more than 50% decrease in the thermal gradient
magnitude halfway through the depth of the 10 nm film, and a more than 75% decrease in
the lower quarter, shown in Fig. 6(a). The TRANE voltage is proportional to the in-plane
magnetic moment; the depth dependence could present complications from non-uniform
moment distributions, where the final signal is a weighted average of the varying in-plane
moments. However, typical thin-film magnetic materials have uniform magnetization along
their thickness direction, an assumption we will apply in our following analysis.
To determine the spatial resolution of scanning TRANE microscopy with a Pt cap, we
calculate the width of the vertical thermal gradient,∇Tz (Fig. 6(a), inset). We find that the
average FWHM is 45.3 nm, weighted by peak gradient value, calculated when the thermal
gradient is at its maximum value. As seen in Fig. 6(a), inset, the width increases more
rapidly as we approach the interface with the substrate. This is likely due to the interfacial
thermal resistance, which is approximately 1× 108Km2/W for a metal-sapphire boundary45.
However, the thermal gradient magnitude is also diminished as a function of distance from
the surface, thus the wider profile at larger depths does not significantly impact the weighted
average width.
We also consider the time evolution of ∇Tz. In Fig. 6(b), ∇Tz is plotted for a selection
of times before and after the center of the laser pulse. The spatial width (inset) significantly
increases at 12 ps, where it is 25% larger than the FWHM at the peak value of ∇Tz. In
general, the width increases with time. We do not calculate the width at 15 ps because by
then the thermal gradient peak is off-center. This temporal broadening of the PSF is offset
by the fact that ∇Tz is less than 10% of its peak value by this time, and thus it will have a
small effect on the spatial resolution
The thermal gradient is centrally-peaked for a majority of its duration, so we calculate
the temporal width based on the evolution of∇Tz at different depths along a central vertical
line in the sample, in Fig. 6(c). For reference, the shape of the laser pulse is presented as
a solid black curve, with the peak time denoted with a vertical dashed black line. The
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thermal gradient peaks around 10.7 ps, 1.7 ps after the peak of the pulse. The temporal
FWHM shows depth variation (inset) of a couple picoseconds. Due to the transfer of heat
down through the sample, at a certain time (around 20ps, but it is depth-dependent) the
thermal gradient reverses sign. Although the dip is much smaller than the peak, this will
reduce the overall TRANE signal depending on how it is measured.
The profiles in Fig. 6(a)-(c) were calculated with a 15 nm apex radius; we now consider
the effects of varying tip radii on the spatial extent of the thermal PSF. Fig. 6(d) shows
the FWHM of the ∇Tz along the sample top at its temporal peak. For apex radii of 45 nm
and below, the gradient profile is centered with a FWHM of 14.0(12) nm+2.3(1) ra, where
ra is the apex radius. There are no separate discernible regions as with the FWHM of the
loss profile (Fig. 3(c)). Due to the radial spread of heat, the thermal width is in all cases
wider than the loss width, however it remains confined to a region approximately the size
of the apex. For a 90nm diameter apex – the largest apex size with a centered profile – the
FWHM is 115 nm.
IV. SUMMARY
The nanofocusing of light with conical plasmonic antennas offers a means to access
nanoscale electromagnetic heating with far-field excitation, making it a realistic path to
improving the spatial resolution of TRANE microscopy to nanoscale lengths. We have
shown that, when a sub-100 nm antenna apex is within nanometers of a sample surface,
strong near-field coupling produces electromagnetic loss in the sample that is confined to a
region comparable to the size of the apex. Additionally, the loss profile is dependent on the
sample conductivity and the tip-sample distance. As these parameters increase, vertically
excited loss decays more quickly than radially excited loss. Radially excited loss is peaked
off-center, and eventually it overtakes vertical loss, forming an annular loss profile. For films
with thicknesses similar to or below the penetration depth of loss, the bottom interface can
have a profound effect on the loss profile. In the case of a 2 nm film on sapphire, the loss
profile entirely loses its central peak. This thickness sensitivity persists until the film is
thicker than 10 nm.
To avoid sample-to-sample variation of resolution and thermal gradient amplitude, we
propose the use of a Pt capping layer. We find that 10 nm of Pt is sufficient to act as an
12
(a)
(c)
(b)
(d)
FIG. 6: Thermal gradients with capping layer. For a tip apex of 15 nm, the Pt
capping layer heats up an underlying permalloy sample. (a) Thermal gradients at selected
depths within the sample. Inset: FWHM as a function of depth. (b) The gradient at the
sample surface for various times around peak laser power (9 ps), FWHM for
centrally-peaked profiles inset. (c) Temporal evolution of ∇Tz at selected depths directly
under the apex, with temporal widths remaining within 6 ps (inset). (d) Peak position and
FWHM of ∇Tz profiles for increasing tip radius at realistic scan probe gaps. Once the
peak is off-center we do not calculate the FWHM.
intermediate heater for the underlying material. Because losses in the capping layer are
separated from the electromagnetic properties of the sample, the cap may heat uniformly
across different samples. These results point the way toward accessible spatiotemporal
magnetic microscopy with sub-100 nm spatial resolution and sub-10 ps temporal resolution
– capabilities that can enable the next breakthrough in energing spintronic technologies.
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SUPPLEMENTARY INFORMATION
S.1. COMPUTATIONAL MODEL
We use COMSOL MultiphysicsR© with the electromagnetics (emw) and heat transfer (ht)
modules. The emw module calculates the electric field E by solving Maxwell’s equations in
the frequency domain as
∇× µr(∇×E)− k
2
0
(
ǫr −
jσ
ωǫ0
)
E = 0, (S.1)
where µr is relative permeability, k0 is free-space wave number, ǫr is relative permittivity, σ
is conductivity, ω is angular frequency, and ǫ0 is permittivity of free space. Electromagnetic
loss is then calculated according to Eq. 2. The ht module calculates temperature T according
to
DCp
∂T
∂t
−∇ · (k∇T ) = Q, (S.2)
where D is density, Cp is heat capacity at constant pressure, k is thermal conductivity, and
Q is the heat source. In our models Q is defined as the electromagnetic loss calculated with
the emw module.
The finite element mesh size in the 2D axisymmetric models is at most one-fourth the
wavelength (λ). Through mesh refinement studies, we determine sufficient maximum element
sizes along the edges of the antenna and the sample. Based on convergence (within 1%) of
the electric field magnitude at the apex, a maximum size of λ/30=26nm is chosen along the
antenna and apex edges. Although this is about the size of the apex radius, it is only setting
the maximum, and the meshing algorithm produces much smaller elements along the curved
apex. Along the sample and capping layers a maximum size of 0.5 nm is sufficient, based
on convergence of electromagnetic loss along the layer’s surface. The inner edge – in the
2D axisymmetric geometry shown in Fig. 1(c) – of the gap is set to a maximum of 0.7 nm
according to the same metric.
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S.2. EFFECT OF FINITE CONDUCTIVITY OF GOLD
In Section III we treat the gold antenna as non-conducting; surface plasmon polaritons
(SPPs) propagate on the gold-air boundary, but do not suffer electromagnetic loss in our
model. Here we look at changes to the loss point spread function (PSF) from turning on
antenna conductivity, as well as apex heating and the resultant thermal expansion.
A. Loss profiles
The loss profile is in part determined by charge distribution in the apex, which we expect
is altered by the inclusion of conductivity. Fig. S.1(a) and (b) show the charge distribution
ρ in a 25 nm radius apex for zero and finite gold conductivity (σAu=4.5× 10
7 S/m). The
finite conductivity pushes charge towards the surface of the apex, shifting the average radial
charge position,
〈
r|ρ|
〉
, from 7.0 nm to 10.1 nm. However, the loss profile in the sample
qualitatively maintains its shape. In Fig. S.1(c) and (d) we plot loss and the full widths at
half maximum (FWHM) with zero and finite conductivity for a 25 nm apex and a 1.75 nm
gap, for sample conductivities of 5× 106 S/m and 1× 107 S/m. The FWHM is larger with
finite conductivity, related to the centrally focused-to-annular transition of the profile. In
Fig. S.1(e), the transition line for a 25 nm apex and finite conductivity is compared to that
from Fig. 2(d). We see that for finite conductivity, the profile tends to turn at slightly
smaller conductivities and smaller gaps. Thus for the same sample conductivity and gap,
the ratio of radially excited loss to vertically excited loss is larger when σAu 6= 0. This
explains why – for the same sample conductivity – the profiles in Fig. S.1(c) and (d) are
wider with σAu 6= 0.
B. Heating the tip
The inclusion of loss along the antenna heats up the tip significantly near the apex. We
calculate tip heating for various apex radii placed above a metallic sample (σ =1× 107 S/m),
accounting for Ohmic and dielectric losses (σAu=4.5× 10
7 S/m, ǫr,Au = −22.855+1.4i). Gap
distances between 1.3 and 1.9 nm were chosen in the same manner as in Figs. 3(c) and 6(d),
and SPPs are excited 10 µm up the antenna by a 1W peak, 3 ps duration laser pulse. The
temperature increase in the antenna is largest for the smallest tip radii, where electric fields
15
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FIG. S.1: Charge and loss with tip conductivity. Charge oscillations in the tip apex
are more centrally concentrated in a non-conductive tip (a) than a conductive one
(σAu =4.5× 10
7 S/m) (b); scale bars are 10 nm. (Jagged contours arise from calculating
|ρ| ∝ |∇ · J|, the divergence of current density, on a finite mesh.) This tends to broaden
sample loss profiles, in (c) and (d) for sample conductivity of 5× 106 S/m and 1× 107 S/m,
respectively. All profiles are individually normalized by their maximum value; losses are
smaller when accounting for conductivity because of energy dissipation along the tip (see
Section S.3). (c) The central-to-annular profile transition for zero (blue) and finite (red)
gold conductivity.
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and charges are most strongly focused. The maximum temperature change, shown in Fig.
S.2(a) for selected apex radii, is as large as 50K for a 10 nm apex. As discussed in Section
IIIB, this is low enough that there is not significant direct heat transfer between the apex
and the sample compared to Ohmic heating excited in the sample. The inset in Fig. S.2(a)
is the temperature change profile (∆T ) for a 10 nm apex 4.5 ps after peak power input, when
the maximum value of ∆T occurs. We plot the temperature along the lower 1 µm of the
tip to illustrate that heating occurs in bands corresponding to the coherent SPP wavelength
along the tip, although heating is largest at the apex. These peaks get closer together as
the SPPs are focused (discussed in Section S.III).
Heating the gold antenna causes thermal expansion; in Fig. S.2(b) we look at the magni-
tude of thermal expansion and its decay in relation to the maximum temperature in the tip.
Expansion is considered in the vertical direction (i.e., towards the sample), accounting for
significant heating in the lower 1 µm of the antenna, and taking a thermal expansion coeffi-
cient of 14× 10−6 /K46. We find that expansion occurs mainly in the apex, and plot in Fig.
S.2(b) the spatial average of vertical expansion throughout the apex region 〈∆ztip〉, here for
a 10 nm apex radius up to 610 ps (601ps after peak input power). On the same plot, we con-
sider the maximum temperature in the tip over the same range (in blue). Interestingly, the
peak thermal expansion occurs at 18 ps, 4.5 ps after the maximum temperature (calculations
were performed in 1.5 ps steps), due to thermal diffusion throughout the tip. Furthermore,
the thermal expansion decays much slower than the temperature change. Fitting each curve
to two exponential decays, the long-term behavior of 〈∆ztip〉 follows a characteristic decay
time of 1225(23) ps, whereas the decay time of ∆Tmax is 602(21) ps. Experimentally, laser
pulses are spaced 13 ns apart, thus there will be no residual thermal expansion or tempera-
ture rise between pulses. While the thermal expansion is non-zero, it is well below both the
gap distance and the apex radius. We do not expect the expansion to interfere with oper-
ation of a scan probe microscope, where the apex will be at least 1.3 nm from the sample.
Because peak expansion does not occur until after the 3 ps pulse has decayed, it will not
significantly alter the tip-sample coupling.
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S.3. SPP PROPAGATION LENGTH
In our numerical calculations we treat the gold antenna as lossless (σ = 0, Im[ǫr] = 0)
to investigate the sample thermal gradient without convolving it with effects of the SPP
propagation. Here we determine the effective propagation length of SPPs along a tapered
gold antenna, accounting for both Ohmic and dielectric losses. Field solutions along a
tapered antenna are quantitatively different from those on a flat surface23, and consequently
the optical properties are modified. SPPs may exist at the boundary between vacuum and
a metal of complex dielectric constant ǫ˜m, with effective refractive index of
38
n˜flat =
√
ǫ˜m
ǫ˜m + 1
. (S.3)
Nanofocusing effects become important where k0R, the product of the free-space wavenum-
ber and the local antenna radius, is < 1, i.e., where we can no longer treat the antenna
surface as flat. In this regime,
n˜radius(R) =
1
k0R
√
−2/ǫ˜m
[
log
√
−4ǫ˜m − γ
]−1
, (S.4)
where γ ≈ 0.57721 is the Euler constant36. The imaginary parts of Eq. S.3 and S.4 give us
the dielectric absorption loss κǫ(R), which is a function of local radius. Usually we ignore
(a) (b)
ΔT 
10 20 30 40
FIG. S.2: Heating the tip. (a) Maximum temperature change of the plasmonic
antennas as a function of apex radius. Inset: thermal profile for 10 nm apex radius. Scale
bar is 100 nm. (b) The maximum temperature change of a 10 nm tip apex (blue curve) and
the corresponding apex thermal expansion (red curve) versus time, for an excitation pulse
peaked at 9 ps.
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dielectric loss in metals and only consider Ohmic loss47, but the divergence of n˜ at small
antenna radii suggests that dielectric loss is important in plasmonic nanofocusing.
We perform numerical calculations to determine conductive loss by exciting SPPs along
a flat gold-air boundary (σAu =4.5× 10
7 S/m, ǫr,Au = −22.855) and measuring the power
at the end of the surface for various propagation distances. By fitting these results to an
exponential decay, shown in Fig. S.3(a), we extract a conductive loss constant of κσ = 0.012,
which is radius-independent.
The effective absorption loss is thus
κeff = κǫ + κσ. (S.5)
In order to compute propagation loss for various antenna lengths, we make the assumption
that
κǫ =

 κflat, k0R > 1κradius, k0R < 1 , (S.6)
where 1/k0 =124nm for 780 nm light. As shown in Fig. S.3(b), when the antenna radius is
< 1/k0, the divergent behavior of n˜radius drives the effective propagation length,
αeff =
1
k0κeff
, (S.7)
to smaller and smaller values.
In Fig. S.3(c) we plot the energy remaining in the SPP wave when it reaches the apex,
for apex radii of 10 nm to 50 nm, against excitation radius (antenna radius where light is
incident) by evaluating36
η = exp
[∫ zapex
zexcite
κeff (z sin 3
◦) dz
]
, (S.8)
where z is the length along the antenna surface and z sin 3◦ is the local radius for a cone
half-angle of 3◦. Exciting closer to the apex leads to less loss, but experimentally we desire to
decouple the multiple-micron wide laser spot from the apex to avoid direct excitation. This
requires an excitation height of more than about 5 µm (262nm radius). Further constraints
for placing diffraction gratings on antennas mean a more realistic height of 10µm (523 nm
radius). For the apex radii we use in our heating calculations, an excitation height of 10 µm
leads to propagation loss of around 80%, thus we scale down our input power by a factor of
five for loss and heating calculations. Inset in Fig. S.3(c), we calculate loss as a function of
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(a) (b)
(c) (d)
FIG. S.3: Propagation length and nanofocusing. (a) Data and fit of power
transmitted by SPPs along increasing lengths of a Au-air interface. (b) Effective
propagation length, calculated from (a) and Eq. S.5-S.7. (c) Remaining SPP power η,
calculated with Eq. S.8, for selected apex radii and SPP excitation distances from the
apex. Inset: η for varying cone angle, excited 10 µm from the apex. (d) Electric field along
the antenna edge for 10 nm and 20 nm apex radii. Inset: energy density enhancement
versus tip radius.
cone angle by evaluating Eq. S.8 for 1◦ to 15◦, starting 10 µm from the apex. Experimentally,
cone angles may be larger than 3◦, but this does not have a large effect on SPP loss.
Although Ohmic losses are significant along the antenna, the tapered geometry also in-
creases the electric field23, leading to a local enhancement of the energy density. In Fig.
S.3(d) we look at electric field along the antenna edge, and energy density enhancement
at the apex (inset), with the same antenna geometry discussed in Section II. We consider
the antenna without a sample to demonstrate SPP focusing effects in isolation. The blue
and red lines are electric field magnitude, |E|, plotted up to 1 µm away from where the
apex begins (i.e., where the antenna stops being conical), for 10 nm and 20 nm apex radii,
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respectively. The field magnitude is normalized by the magnitude at the point where the
SPPs are launched by the diffraction grating (here 10 µm away from the apex). Inset is
energy density enhancement for apex radii of 10 nm to 30 nm, showing larger enhancement
for smaller radii.
(a) (b)
FIG. S.4: Sample dielectric constant. (a) Loss profiles for varying sample ǫr at
different sample conductivities. Each panel is normalized by its respective peak value for
ease of visualization. (b) The FWHM of profiles in (a). Variations in (b) are smaller than
the mesh size used for calculations, and are negligible.
S.4. EFFECT OF DIELECTRIC CONSTANT ON LOSSES IN METAL
SAMPLE
The dielectric constant of the metal sample has a trivial effect on loss for realistic sample
conductivity. In Fig. S.4(a), we plot loss profiles in samples of selected conductivities, while
varying the permittivity. For σ =1× 106 S/m, varying the relative permittivity ǫr over a
realistic range for metals at near-IR frequencies changes the magnitude of electromagnetic
loss. As the conductivity approaches more realistic metal values, of ∼ 5× 106 S/m, there is
negligible dependence on permittivity, as demonstrated by the overlap of loss profiles in Fig.
S.4(a). While the magnitude is affected by permittivity for low conductivity, the width of
the loss profile is not. The FWHM for the profiles in Fig. S.4(a) are shown in Fig. S.4(b).
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